Background: Glycosyltransferases (GTs) have important functions in plant secondary metabolism. Results: A gene encoding an Nmethylanthranilic acid O-glucosyltransferase forms part of a biosynthetic cluster for the synthesis of acylated defense compounds in oat. Conclusion: This GT synthesises the activated acyl donor required for triterpene acylation. Significance: These findings open up new opportunities for metabolic engineering for disease control.
SUMMARY
Plants produce a huge array of specialised metabolites that have important functions in defense against biotic and abiotic stresses. Many of these compounds are glycosylated by family 1 glycosyltransferases (GTs). Oats (Avena spp.) make root-derived antimicrobial triterpenes (avenacins) that provide protection against soil-borne diseases. The ability to synthesise avenacins has evolved since the divergence of oats from other cereals and grasses.
The major avenacin, A-1, is acylated with Nmethylanthranilic acid. Previously we have cloned and characterized three genes for avenacin synthesis (for the triterpene synthase SAD1, a triterpene-modifying cytochrome P450 SAD2, and the serine carboxypeptidase-like acyl transferase SAD7), which form part of a biosynthetic gene cluster. Here we identify a fourth member of this gene cluster encoding a GT belonging to clade L of family 1 (UGT74H5), and show that this enzyme is an N-methylanthranilic acid O-glucosyltransferase implicated in the synthesis of avenacin A-1. Two other closely related family 1 GTs (UGT74H6 and UGT74H7) are also expressed in oat roots. One of these (UGT74H6) is able to glucosylate both N-methylanthranilic acid and benzoic acid while the function of the other (UGT74H7) remains unknown. Our investigations indicate that UGT74H5 is likely to be key for the generation of the activated acyl donor used by SAD7 in the synthesis of the major avenacin, A-1, while UGT74H6 may contribute to the synthesis of other forms of avenacin that are acylated with benzoic acid.
Glycosylation of small molecules is essential for a wide range of biological processes in plants, including regulation of the activity of hormones, neutralisation of xenobiotics, and synthesis and storage of secondary metabolites (1, 2) . The glycosyltransferases (GTs) that catalyse these modifications belong to carbohydrate-active enzyme (CAZY) family 1, as defined by Cantarel et al. (3) . These enzymes transfer sugars from nucleotide diphosphateactivated sugar moieties to small hydrophobic acceptor molecules. Alterations in the properties of small molecules as a consequence of glycosylation include changes in water solubility, stability, bioactivity and pharmacological properties (2) .
The family 1 GTs are one of the largest groups of secondary metabolic tailoring enzymes in higher plants. The expansion of this family is likely to be a reflection of chemical diversification during the adaptation of plants to life on land (4) (5) (6) . The activated sugar donor used by these enzymes is usually UDP-Dglucose, although some family 1 GTs have been reported to use other sugar donors such as UDP-
UDP-L-rhamnose,
UDP-Dglucuronic acid or UDP-L-arabinose (2) . Family 1 GTs catalyse the transfer of these UDPactivated sugars onto either a small lipophilic acceptor or onto the sugar moiety of a glycoside (2) . Glycosylation of the acceptor is regiospecific and can occur at a variety of different functional groups (7) . Although family 1 GTs show specificity for sugar donors they may produce diverse glycosides due to the permissiveness of their acceptor binding sites (8, 9) .
Mining of the complete genome sequence of thalecress (Arabidopsis thaliana) has identified 107 predicted family 1 GT genes (2, 6) . The recent release of complete genome sequences for several cereal species (e.g. rice, sorghum and maize) and the growing resource of transcriptomics data emerging from highthroughput sequencing has similarly revealed numerous predicted family 1 GT sequences in the genomes of monocots. For example, there are 213 predicted family 1 GT genes in rice, 201 in Sorghum bicolor, 168 in Zea mays, and 143 in purple false brome (Brachypodium distachyon) (5) . The considerable expansion of the family 1 GTs in higher plants suggests that these enzymes have evolved to have diverse and important functions. However, despite the overwhelming body of sequence data that is emerging, information about the biochemical properties Oats (Avena spp.) produce antimicrobial triterpenes known as avenacins that are synthesized in the roots and that provide protection against soil-borne pathogens (10) . Avenacins are acylated molecules that are conjugated with either N-methylanthranilic acid or benzoic acid (Fig. 1) . The major avenacin found in oat roots is avenacin A-1. Acylation of avenacins is carried out by the serine carboxypeptidase-like acyl transferase SAD7, which requires an acyl glucose donor (11) . Here we identify a gene predicted to encode a family 1 GT gene belonging to the UGT74 subfamily that forms part of a metabolic gene cluster for avenacin synthesis (UGT74H5). This gene is coexpressed with other previously characterized genes in the avenacin cluster, suggesting that UGT74H5 is required for avenacin synthesis. UGT74H5 was expressed in Escherichia coli and shown to be an N-methylanthranilic acid Oglucosyltransferase implicated in the synthesis of avenacin A-1. A second related enzyme UGT74H6 was able to glucosylate both Nmethylanthranilic acid and benzoic acid. Our biochemical analysis, coupled with investigation of the distribution of these enzymes in oat roots, indicates that UGT74H5 is likely to be key for the synthesis of the major avenacin, A-1, while UGT74H6 may be required for the synthesis of other avenacins that are acylated with benzoic acid.
EXPERIMENTAL PROCEDURES
Materials -Chemicals and reagents were obtained from Sigma-Aldrich unless stated otherwise. Glucose esters of anthranilic acid, Nmethylanthranilic acid and benzoic acid were produced by chemical synthesis (full details to be published in due course). Protein quantification was performed using the Bio-Rad Protein Assay kit (Dye Reagent Concentrate, Bio-Rad) and calibrated with bovine serum albumin (BSA). Proteins were analyzed by SDS-PAGE on 10% cross-linked gels and detected with Coomassie brilliant blue (12) .
Bacterial artificial chromosome (BAC) and expressed sequence tag (EST) resourcesConstruction of the A. strigosa BAC library is described in Qi et al. (13) . Sad1 and Sad2 both reside on BAC #460D15 (13) . An overlapping BAC containing Sad7 (BAC #341P21) was reported in Mugford et al. (11) . The full sequence of BAC #341P21 was determined by standard shotgun sequencing. An EST resource from a root cDNA library derived from diploid oat (A. strigosa) was generated previously (14) . Sequence similarity searches were carried out using the tFASTA algorithm (15) .
Phylogenetic analysis -Family 1 glycosyltransferase amino acid sequences from a variety of different plant species were aligned using the MAFFT programme version 6 (http://align.bmr.kyushu-u.ac.jp/mafft/ software). The phylogenetic tree was built with the Neighbour-Joining method, using the Mega program version 4.01 (16) with 500 bootstrap replicates. Details of the sequences used to build the tree are provided in Supplementary Table 1 .
Gene expression analysis -Gene expression analysis was carried out by RT-PCR as described previously (13, 17) .
Recombinant glycosyltransferasesSpecific oligonucleotides were designed to amplify the complete open reading frames of UGT74H5, UGT74H6 and UGT74H7 from oat root tip cDNA (Supplemental Table 2 ). The PCR products of the three full length cDNAs were amplified using Phusion DNA polymerase (Finnzymes). Full length coding sequences were cloned into the pET-19b expression vector, which includes an N-terminal His 6 tag sequence (Novagen) and transformed into E. coli BL21 (DE3).
For expression of the Histidine-tagged proteins, transformed E. coli strains containing the recombinant constructs were grown in LB medium containing 34 μg/ml of chloramphenicol, 50 μg/ml ampicillin, 2.5 mM betaine and 0.6 M sorbitol. Cultures were grown at 37°C with shaking to an OD 600 of 0.6. They were then incubated at 16°C for 30 minutes prior to the addition of IPTG to 0.1 mM final concentration and left overnight at 16°C. Bacterial cells were harvested by centrifugation at 7,000 g for 10 minutes at 4°C. The pellet was then resuspended in 5-10 ml of lysis buffer (300 mM NaCl, 50 mM sodium phosphate, 20 mM imidazole, 5% glycerol, pH 7.8) with one tablet of EDTA-free protease inhibitor per 50 mL (Roche). Cells were lysed twice using a French press (1000 psi), keeping ice-cold throughout. The lysate was centrifuged at 10,000 g for 15 minutes at 4°C and the supernatant filtered using a 0.22 μm filter (Minisart) to generate the crude soluble protein preparation for purification.
Recombinant enzymes were purified using a cobalt Immobilised Metal-Ion Affinity Column (IMAC: 5 ml Hi-Trap Chelating HP column (GE Healthcare)), followed by size exclusion chromatography (Superdex 200 16/60 prep grade column (GE Healthcare)). The peak fractions corresponding to GT monomers were concentrated using an Amicon Ultra 30000 molecular weight cut-off membrane (Millipore), snap frozen in aliquots (50 μl) in liquid nitrogen and stored at -80°C. Polyclonal antisera to UGT74H5 were raised in rabbit using purified histidine-tagged protein as the antigen (BioGenes GmbH, Berlin, Germany).
Glucosyltransferase activity assaysFor kinetic analysis, assay mixtures (200 μl) consisted of recombinant enzyme (1 μg/ml) in 50 mM Tris-HCl pH 7.8 containing 5 mM UDP-Dglucose, 3 mM MnCl 2 and 1 mM substrate (benzoic acid, salicylic acid, anthranilic acid or N-methylanthranilic acid). The reactions were carried out at 30°C for 30 min and stopped by the addition of 20 μl of trichloroacetic acid (240 mg/ml), snap-frozen in liquid nitrogen and stored at -20°C before HPLC analysis. The reaction products were analysed by reverse phase HPLC on a Dionex Ultimate 3000 instrument equipped with a LUNA 5 μm C18 column (150 x 4.6 mm; Phenomenex) eluted at 0.5 ml/min. Compounds were detected using a photodiode array (PDA) detector:
Nmethylanthranilic acid (320 nm); anthranilic acid (320 nm); benzoic acid (272 nm); salicylic acid (296 nm). Compounds were separated using a linear gradient of acetonitrile in water acidified with 0.1% trifluoroacetic acid (10-40 % for anthranilic acid and N-methylanthranilic acid; 10-60% for salicylic acid and benzoic acid). The retention times (R t ) of the glucose conjugates were determined to be: salicyloyl-β-Dglucopyranose, R t = 12.1 min; benzoyl-β-Dglucopyranose, R t = 11.6 min; anthraniloyl-β-Dglucopyranose, Supplementary Fig. 1 ). Kinetic parameters, K m and k cat, for the acceptor substrates in the presence of saturating donor substrate, UDP-Dglucose (5 mM), were determined by fitting the initial velocity data to the Michaelis-Menten equation using SigmaPlot software (SigmaAldrich).
Protein extraction and Western blot analysis -For expression of native GTs in E. coli, full length cDNAs were cloned into the pET-24a E. coli expression vector (Novagen). Recombinant plasmids were transformed into E. coli BL21 (DE3). Crude protein preparations were generated as described above. For analysis of oat root proteins, soluble protein was extracted from the terminal 0.5 cm of roots of 3-day-old Avena strigosa seedlings (accession S75) (10) in protein extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% TritonX100, 1% PVPP and protease inhibitor cocktail (Roche)). Root material was ground, the extract centrifuged at 4°C for 30 minutes and the supernatant collected and kept at -20°C. Proteins were denatured in the presence of Nupage reducing agent (Invitrogen) and separated and blotted onto nitrocellulose using Nupage gels (4 to 12% acrylamide gradient) according to the manufacturer's protocol. Membranes were blocked with 5% skimmed milk in 1 x TBS (0.15 M NaCl, 10 mM Tris-HCl, pH 7.5) for 1 h then incubated with UGT74H5 antisera (1:3000), followed by detection with secondary antibody (anti-rabbit IgG conjugated with horseradish peroxidise, 1:8000) according to the manufacturer's protocol (Sigma-Aldrich).
For mass spectrometry proteomics by LC-MS/MS, gel slices were excised from SDS-PAGE gels run as described above. Each gel slice was washed, reduced and alkylated, and treated with trypsin according to standard procedures (18) . Peptides were extracted with 5% (v/v) formic acid/50% acetonitrile (v/v), dried down, and re-dissolved in 0.1% (v/v) TFA. Nano-LC-MS/MS experiments were performed on an LTQ-Orbitrap TM mass spectrometer (Thermo Fisher Scientific Inc.) coupled to an EASY-nLC HPLC via an ion source (Proxeon). Aliquots of the extracted peptides were loaded onto a C18 PepMap TM trap column (Dionex) which was then switched in-line to an analytical column (BEH C18, 1.7 µm, Waters, 75 µm x 120 mm, self-packed) for separation. The LC system was run at a flow rate of 250 nL min -1 with a gradient of 5-40% acetonitrile in water/0.1% formic acid at a rate of 1% min -1 . The mass spectrometer was operated in positive ion mode at a capillary temperature of 200 °C.
Raw 
RESULTS
The avenacin gene cluster contains a gene for a predicted family 1 GT -In our earlier investigations of avenacin synthesis we cloned and characterized three genes that are required for different steps in the pathway. These include the gene for β-amyrin synthase, which catalyses the first committed step in the pathway (Sad1) (14) , and a cytochrome P450 that carries out subsequent modifications to the β-amyrin skeleton (Sad2) (13) . A third gene (Sad7) encodes a serine carboxypeptidase-like acyltransferase that is required for triterpene acylation (11) . Rather surprisingly these three genes are contiguous, lying within a 150 kb region of the genome (11, 13) . Although secondary metabolic gene clusters are a common feature of microbial genomes they are a relatively new and emerging theme in plant biology (20) . We then extended the region of the genome encompassing Sad1, Sad2 and Sad7 by bacterial artificial chromosome (BAC) contig sequencing and discovered a fourth gene that is predicted to encode a family 1 GT adjacent to Sad7 (Fig. 2A) . Like the three other previously characterized avenacin biosynthetic genes, this gene (UGT74H5) is expressed specifically in the root tips (Fig. 2B) . It is therefore implicated in avenacin synthesis by virtue of its location within the gene cluster and its expression pattern.
Analysis of root-expressed sequences in oat -Previously we generated an expressed sequence tag (EST) resource (>16,000 sequences) from roots of diploid oat (Avena strigosa) (14) . Sequence similarity searches revealed that UGT74H5 is represented in this EST database. We also found two other closely related EST sequences that are expressed in roots (UGT74H6 and UGT74H7). Sequence similarity comparisons of the predicted products of the full length coding sequences revealed that UGT74H6 and UGT74H7 share 78% and 79% amino acid similarity with UGT74H5, respectively ( Supplementary Fig. 2 ). Like UGT74H5, the corresponding genes also have similar expression patterns to previously characterized avenacin biosynthetic genes (Fig.  2B ) and so may also contribute to avenacin synthesis.
UGT74H5, UGT74H6 and UGT74H7 belong to clade L of GT family 1 (6) . Group L GTs have been shown to glucosylate small molecule acceptors with various functional groups, for example carboxyl, hydroxyl and thiol groups (4). UGT74H5, UGT74H6 and UGT74H7 belong to the UGT74 subfamily of clade L, as shown in Fig. 3 . Other characterised UGT74 enzymes include an indole-3-acetic acid GT (ZmIAGT) from Zea mays (21), a crocetin GT (CsUGT2) from Crocus sativus (22) , a gentisic acid xylosyltransferase from Solanum lycopersicum (SlGAGT) (23), a salicylic acid GT from Nicotiana tabacum (NtSAGTase) (24), a salicylic acid/anthranilic acid GT (UGT74F2), a thiohydroximate GT (AtUGT74B1) and a jasmonate GT (AtUGT74D1) from A. thaliana (25) (26) (27) , and a triterpene GT from Saponaria vaccaria (synonym Vaccaria hispanica) (SvUGT74M1) that catalyses the addition of glucose onto gypsogenic acid (28) . A. thaliana UGT74E2 is thought to be an auxin indole-3-butyric acid glucosyltransferase (29) and UGT74C1 is implicated in aliphatic glucosinolate biosynthesis (30) . Other predicted monocot? UGT74 sequences from B. distachyon and O. sativa are also included in the tree shown in Fig. 3 for reference.
Oats produce four structurally related avenacins, A-1, B-1, A-2 and B-2 ( Fig. 1) , of which avenacin A-1 is the most abundant (31). Since these mutants are unable to synthesise any of the four avenacins this suggests that SAD7 is able to transfer both N-methylanthranilic acid (for synthesis of avenacins A-1 and B-1) and benzoic acid (for synthesis of avenacins A-2 and B-2) onto the triterpene acceptor. Thus while it is possible that UGT74H5 and possibly also the two other related GTs may be involved in the addition of sugars to the trisaccharide chain of the avenacins, the close relatedness of these enzymes to GTs that glucosylate carboxylic acids suggests a role in the synthesis of the acyl glucose donors used by SAD7.
Biochemical analysis of the properties of UGT74H5 and related GTs -UGT74H5 and the two other closely related GTs, UGT74H6 and UGT74H7, were expressed in E. coli as Nterminal histidine-tagged fusion proteins ( Supplementary Fig. 3 ). Recombinant enzymes were purified using IMAC followed by size exclusion chromatography (Hiload 16/60 Superdex 200). Protein purity was confirmed by SDS-PAGE. The yields of purified recombinant UGT74H5, UGT74H6 and UGT74H7 protein obtained were 37, 24 and 12 mg/l of E. coli culture, respectively. The substrate specificity of the three recombinant GTs was assessed with respect to four potential acyl acceptor substrates -anthranilic acid, N-methylanthranilic acid, salicylic acid and benzoic acid. All three GTs displayed typical Michaelis-Menten behaviour for the various acceptor substrates assessed ( Supplementary Fig. 4 ). In contrast, activity towards the simple triterpenes β-amyrin and oleanolic acid was not observed. The kinetic parameters for the acyl acceptors are summarised in Table 1 . Of the four prospective acceptor substrates assessed, UGT74H5 showed a strong preference for N-methylanthranilic acid (k cat /K m 3.00 mM -1 •sec -1 ) over anthranilic acid (9 fold lower) and benzoic acid (18 fold lower) and did not have detectable activity towards salicylic acid. Of the three GTs, UGT74H5 also showed the greatest ability to utilise N-methylanthranilic acid as a substrate (k cat /K m 5 fold higher than for UGT74H6, with UGT74H7 showing no turnover). UGT74H6 showed moderate and comparable selectivity for benzoic acid and Nmethylanthranilic acid (k cat /K m 0.42 and 0.61 mM -1 •sec -1 , respectively). With a k cat /K m for Nmethylanthranilic acid within 5 fold of that of UGT74H5, and within 3 fold for benzoic acid, it is possible that UGT74H5 and UGT74H6 may both be capable of effecting the synthesis of acyl donor substrates for the incorporation of Nmethylanthranilate or benzoate into avenacins in planta. UGT74H7 was, at best, only able to turn over benzoic acid and anthranilic acid rather weakly (k cat /K m 0.15 and 0.01 mM -1 •sec -1 , respectively) and did not have detectable activity towards N-methylanthranilic acid or salicylic acid. This suggests that the physiological substrate for UGT74H7 is not one of the four compounds assessed in this study.
Detection of UGT74H5 and related GTs in oat root tips-The UGT74H5, UGT74H6 and UGT74H7 transcripts are all expressed in oat root tips (Fig. 2B) . The predicted molecular masses of UGT74H5 and the other two closely related oat GTs are very similar (between 51 and 52 kDa). Western blot analysis was carried out using antisera raised against the purified UGT74H5 protein to detect the three GTs in oat roots. Crude protein extracts from E. coli expressing the recombinant GTs (without 6xHis tags) were prepared, along with protein extracts from the root tips, upper parts of roots and leaves of A. strigosa seedlings. These samples were subjected to SDS-PAGE and Western blot analysis. The UGT74H5 antisera recognises all three proteins. However UGT74H5 could clearly be separated from the two other oat GTs under appropriate SDS-PAGE conditions. The UGT74H6 and UGT74H7 proteins both had lower apparent molecular masses compared to UGT74H5 when expressed in E. coli (Fig. 4) . A single band of the same size as UGT74H5 was detected in protein preparations from oat root tips, with trace amounts detectable in extracts from the upper parts of the roots and no signal with leaf extracts.
The UGT74H6 and UGT74H7 proteins were not detected in any of the protein preparations from oat. These results suggest that of the three enzymes, UGT74H5 is the major GT present in protein preparations derived from oat root tips. The apparent molecular mass of UGT74H5 as assessed by SDS-PAGE gel was larger than the predicted mass (~55 kDa compared to 51 kDa). Since this difference is also evident when the three proteins are expressed in E. coli it is unlikely to be due to glycosylation or phosphorylation, rather some intrinsic property of UGT74H5 that affects migration under the gel running conditions. LC-MS/MS analysis confirmed that the protein band detected by Western blot analysis in protein preparations derived from oat root tips was indeed UGT74H5 (Supplementary Fig. 5 ). Amino acid sequences derived from UGT74H6 and UGT74H7 were not detected by LC-MS/ MS in oat root tip-derived protein preparations.
DISCUSSION
Previously three avenacin pathway enzymes have been identified. These include those encoded by Sad1 (β-amyrin synthase) (14) and Sad2 (cytochrome P450) (13) . Recently a third gene, Sad7, was cloned and shown to encode an SCPL acyltransferase that catalyses the addition of either N-methylanthranilic acid or benzoic acid to the C-21 hydroxyl group of the triterpene precursor (11) . UGT74H5 lies adjacent to Sad7 in the gene cluster ( Fig. 2A) and is predicted to encode a family 1 GT. Since UGT74H5, like the other cloned avenacin genes, is expressed specifically in roots (Fig. 2B) , this gene is also implicated in avenacin synthesis. UGT74H5 is closely related to two other GTs that are expressed in oat roots (UGT74H6 and UGT74H7). In this study, the properties of these three oat GTs were characterised.
Phylogenetic analysis (Fig. 3 ) revealed that UGT74H5, UGT74H6 and UGT74H7 were most closely related to GTs that glucosylate carboxylic acids, suggesting a role for UGT74H5, and possibly the two other oat GTs, in the synthesis of the acyl glucose donor substrates used by the acyltransferase SAD7. Since avenacins are acylated with Nmethylanthranilic acid (avenacin A-1 and B-1) or benzoic acid (avenacin A-2 and B-2), these two acids represented potential substrates for UGT74H5. Previously we have shown that sad7 mutants accumulate N-methylanthraniloyl-β-Dglucopyranose, indicating that N-methylation of anthranilate and subsequent glucosylation occurs before transfer of the acyl group to the triterpene backbone (11). However it is also possible that anthranilate may serve as a substrate for UGT74H5 in planta. The three GT enzymes studied here displayed different levels of specificity for the prospective acceptor substrates benzoic acid, anthranilic acid, Nmethylanthranilic acid and salicylic acid. UGT74H5 had a clear preference for Nmethylanthranilic acid, while UGT74H6 showed greater specificity for benzoic acid. In contrast, salicylic acid was a poor substrate for all three GTs. UGT74H7 only showed weak activity on benzoic acid and very weak activity with anthranilic acid.
The efficiency and selectivity of UGT74H5 acting on N-methylanthranilic acid was very good (k cat /K m 3.00 mM -1 •sec -1 ) compared to benzoic acid and anthranilic acid (0.167 and 0.333 mM -1 •sec -1 , respectively); UGT74H5 did not turn over salicylic acid. This suggests that the nature of the functional groups on the aromatic ring affects substrate binding/turnover. The presence and position of hydroxyl groups around aromatic rings has previously been shown to impact on the activity of A. thaliana UGTs (27, 35) . The K m values of UGT74H5 and UGT74H6 for Nmethylanthranilic acid are very similar (0.025 and 0.018 mM, respectively). This may be important when considering the function of these enzymes in vivo, since UGTs with overlapping substrate specificity that are co-expressed in the same cell types may show functional redundancy. For example, in A. thaliana UGT72E2 has been shown to glycosylate monolignol in the phenylpropanoid pathway, yet a ugt72E2 T-DNA insertion line shows only a 50% reduction in monolignol glucoside due to functional redundancy (36) . Two other related GTs (UGT72E1 and UGT72E3) are also able to glucosylate monolignol. The triple knockout line showed a 90% reduction in monolignol glucoside, consistent with functional redundancy resulting from overlapping, but not necessarily identical, substrate specificity. Functional redundancy has also been demonstrated for two closely related A. thaliana anthranilate glucosyltransferases, UGT74F1 and UGT74F2, since increasing the level of UGT74F1 is sufficient to rescue anthranilate glucoside levels in the ugt74f2 mutant (26) . Western blot and LC-MS/MS analysis indicate that UGT74H5 is likely to be the key player in the synthesis of the acyl glucose donor N-methylanthraniloyl-β-Dglucopyranose (which serves as the acyl donor for avenacins A-1 and B-1) although UGT74H6 may also contribute to avenacin synthesis. It seems likely that UGT74H5 and UGT74H6 are required for the synthesis of activated acyl donors N-methylanthraniloyl-β-D-glucopyranose (which serves as the acyl donor for avenacin A-1 and B-1) and benzoyl-β-D-glucopyranose (for avenacin A-2 and avenacin B-2), as proposed in Fig. 5 .
A comparison of the kinetic properties of the three oat GTs with those of other plant GTs with activity against related compounds is shown in Table 2 . These data highlight the important of functional groups on the aromatic ring in determining the substrate specificity of different GTs. UGT74F1 is predicted to work as a salicylic acid glucosyltransferase in planta (27) . It is interesting to note that UGT74H5 and UGT74H6 are either inactive (UGT74H5) or far less active (UGT74H6) towards salicylic acid than is UGT74F1 (k cat /K m 0.062, 0.004 and 1.68 mM -1 •sec -1 respectively) but have higher activity towards N-methylanthranilic acid. Salicylic acid and N-methylanthranilic acid differ in having either a hydroxyl or a methylamine, respectively, adjacent to the carboxyl sugar acceptor group. The influence of the functional group on the aromatic ring on activity is also clearly illustrated when using anthranilate as an acceptor. In addition to glucosylating salicylic acid, the A. thaliana GTs UGT74F1 and UGT74F2 are known to form glucose esters of anthranilate in planta (27) . In vitro the multifunctional enzyme FaGT2 from Fragaria x ananassa is also able to form anthraniloyl glucose, but with a lower efficiency (37 (27) . In summary, our kinetic analysis indicates that the oat root-expressed GT UGT74H5 preferentially glucosylates Nmethylanthranilic acid to generate the corresponding glucose ester. Our data provide support for a scenario in which anthranilate is methylated prior to glucosylation by UGT74H5, consistent with our previous results indicating that sad7 mutants accumulate Nmethylanthraniloyl-β-D-glucopyranose (11) . NMethylanthraniloyl-β-D-glucopyranose then serves as an activated acyl donor for the SAD7 acyltransferase, which transfers Nmethylanthranilic acid onto the triterpene backbone (Fig. 5) . SAD7 is also required for transfer of the benzoate group to avenacin A-2 and B-2 (11) . In this case, UGT74H6 may be important for synthesis of the benzoyl glucose donor. With a k cat /K m for N-methylanthranilic acid within 5 fold of that of UGT74H5, and within 3 fold for benzoic acid, UGT74H6 may also contribute to avenacin synthesis in vivo. However analysis of protein extracts from oat roots indicates that UGT74H5 is likely to the most important of the three GTs in oat root tips, the site of avenacin synthesis (14) .
Several family 1 GTs have been shown to have roles in the synthesis of protective compounds in other cereals, for example cyanogenic glycosides in sorghum (38) and benzoxazinones in maize (39) . The development of a TILLING platform (40) for diploid oat based on the mutagenised populations that we have developed for A. strigosa is now underway. This will open up opportunities to carry out functional analysis in planta using reverse genetics, with the aim of identifying mutations in UGT74H5, UGT74H6 and other target genes of interest and assessing the role of these genes in specialised metabolism, plant defence and other important crop traits. UGT74H5 and UGT74H6 now form part of the growing toolkit of characterised genes and enzymes available from plants that can be deployed for triterpene metabolic engineering for disease control and synthetic biology applications (41) (42) (43) . RNA loading was monitored with methylene blue. The oat glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) was used as a control.
FOOTNOTES

FIGURE 3.
Comparison of amino acid sequences of plant UGTs belonging to group L. Predicted sequences from diploid oat (indicated in red) were aligned with biochemically characterised enzymes from subfamilies UGT74, UGT75 and UGT84 along with predicted GTs from rice (Oryza sativa), thalecress (Arabidopsis thaliana) and purple false brome (Brachypodium distachyon) (see Supplementary Table 1 for GenBank accession numbers and further information). UGT74H5 is indicated with a red arrow. The phylogenetic tree was drawn by Neighbor-Joining with 500 bootstrap replicates (percentage values shown at branch points). The scale bar represents 10% divergence. Enzymes prefixed with At are from A. thaliana; FaGT2 is from Fragaria x ananassa (see Supplementary Table 1 for further information). Enzymes prefixed with As are from diploid oat (A. strigosa) -this study; -, no activity detected. The parameters of preferential substrate activities are highlighted in bold 
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